ft 


AD-A280  192 

illllllDI 


Recent  Advances 

in  Impact  Dynamics  n  T ,  r 
of  Engineering  D  1  lu 

Structures  — 1989 


presented  at 

THE  WINTER  ANNUAL  MEETING  OF 

THE  AMERICAN  SOCIETY  OF  MECHANICAL  ENGINEERS 

SAN  FRANCISCO,  CALIFORNIA 

DECEMBER  10-15,  1989 


co-sponsored  by 

THE  APPLIED  MECHANICS  DIVISION  AND 
THE  AEROSPACE  DIVISION,  ASME 


edited  by 
D.  HUI 

UNIVERSITY  OF  NEW  ORLEANS 
N.  JONES 

UNIVERSITY  OF  LIVERPOOL 
UNITED  KINGDOM 


for  appror* 


94-17927 

IIIIIIIH  w 


'time 


qv 


.rvvV  l.v  • 


^3  & 

>y  *-■ 


THE  AMERICAN  SOCIETY  OF  MECHANICAL  ENGINEERS 
United  Engineering  Center  345  Eojt  47th  Street  New  York,  N  Y.  10017 


^  oil 


CONTENTS 


NMPACT  DYNAMICS  OF  STRUCTURE 

Rigid-Plastic  Collapse  Behaviour  of  an  Axially  Crushed  Stocky  Tube 

R.  H.  Gnebieta  andN.  W.  Murray .  1 

An  Analytical  end  Experimental  Approach  to  the  Penetration  of  SemMnfMte  Targets  by  Long 

Rods 

P.  P.  GUIs,  &  £  Jonas,  L  L  Wilton,  and  J.  C.  Fostar,  Jr. .  13 

A  One-Dimensional,  TWo-Phase  Flow  Model  for  Taylor  Impact  Specimens 

&  £  Jonas,  P.  P.  Glllts,  J.  C.  Fostar,  Jr.,  and  L  L  Wilson .  19 

Anomalous  and  Unpredictable  Response  to  Short  Pulse  Loading 

P.  S.  Symonds  and  J.-Y.  Laa . . . .  31 

The  Effect  of  Material  Interbees  on  Calculations  of  Plate  Penetration 

S.  B.  Saglatas  and  J.  A  Zukas . . .  39 

The  Pseudo-Shakedown  of  Beems  and  Plates  When  Subjected  to  Repeated  Dynamic  Loads 

W.  Q.  Shan  and  N.  Jones .  47 

Use  of  Controlled  Plastic  Deformation  for  Vehicle  Deceleratior  in  Crash  Conditions 

D.  L  Beaudry,  L  G.  Watson,  and  P.  B.  Hero .  57 

Dynamic  Shear  Response  Due  to  Side-On  Impact  Using  a  Shear  Block  Model 

A  Das  Gupta .  65 

Pile-Driving  Under  Periodical  Impact  Loading 

M.  Spektor . 71 

DYNAMIC  BUCKLING  OF  STRUCTURES 

Collapse  of  Thin  Cylindrical  Shells  Under  Combined  Static  Axial  and  Dynamic  Radial  Loads 

S.  W.  Kirkpatrick  and  B.  S.  Holmes .  81 

Dynamics  and  Failure  of  Structures  Based  on  the  Unknown-But-Bounded  Imperfection  Model 

Y.  Ben-Haim  and  I.  Elishakoff .  89 

Dynamic  Pulse  Buckling  of  Imperfection  Sensitive  Shells 

H.  E.  Undberg .  97 

Parametric  Resonance  Analysis  of  Liquid-Filled  Shells 

R.  A.  Uras  and  W.K.  Liu .  105 

Nonlinear  Dynamic  Buckling  of  Thin-Walled  Beam-Columns  Under  Ground  Excitations 

A.  Ali,  S.  M.  Yunus,  and  S.  Sridharan .  Ill 

Dynamic  Pulse  Buckling  of  Angle-Ply  Composite  Plates 

J.  Ar'bGur .  121 


Accesion  For 

NTIS  CRA&I 
DTIC  TAB 
Unannounced  . 
Justification  •* 


By 

Distribution  / 

_  j 

Availability  Codes 

Dist 

Avail  < 
Spe 

»nd/or 

cial 

A-/ 

i _ 

<2-D 

v 
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ABSTRACT 

The  one •dimensional  analysis  of  long  rod 
penetration  Into  seal- Inf lnlta  targets  as  developed  by 
Tate  has  previously  been  swdlfled  by  the  present 
authors  to  Include  the  effects  of  mass  transfer  Into 
the  plastic  zone  and  the  mushroom  strain  at  the 
penetrator  tip.  This  latter  factor  has  a  substantial 
effect  on  calculated  penetrations.  This  paper  reviews 
the  modified  theory,  extends  Its  application  to  several 
cases  not  previously  treated,  and  then  details  the 
results  of  a  series  of  experiments  that  tend  to  confirm 
the  validity  of  the  modified  mathematical  model. 

NOTATION 

A  initial  cross-sectional  area  of  rod 

c  (V /P]1'* 

e  engineering  strain 

F  Internal  force 

L  Initial  length  of  rod 

f  remaining  undeformed  length  of  rod 

final  remaining  undeformed  length  of  rod 

?  Interface  force 

p  interface  pressure 

R  target  strength 

c  elapsed  time  since  Impact 

u  speed  of  penetration  Into  target 

V  initial  Impact  speed  of  rod 

v  current  speed  of  rod 

X  length  of  rod  that  has  been  consumed 

V  rod  strength 

t  penetration  depth 

if  final  penetration  depth 

A  Increment 

X I  ratio  of  target  strength  to  that  of  rod 

li  ratio  of  mass  density  of  target  to  that 

of  rod 

p  mass  density  of  rod 

derivative  with  respect  to  time 


INTRODUCTION 

A  problem  of  obvious  technological  significance  Is 
the  penetration  of  armor  by  projectiles.  This  problem 
has  received  considerable  attention  over  the  last  few 
decades.  At  one  stage,  the  emphasis  was  on  improved 
design  of  body  armor;  at  another,  it  was  enhanced 
penetrator  design.  During  this  same  period  the 
development  of  very  fast,  high-capacity  computers 
enabled  the  penetration  problem  to  be  modeled  with 
great  detail,  provided  that  the  target  and  projectile 
materials  were  adequately  described.  However,  the 
corresponding  descriptions  of  the  penetration  process 
were  far  more  detailed  than  any  experimental  results 
with  which  they  might  be  compared. 

From  the  experimental  point  of  vlev,  the  mechanics 
of  penetration  has  been  studied  for  many  years. 
However,  slow  progress  with  analytical  techniques  has 
caused  most  of  the  efforts  to  be  supported  by  numerical 
studies.  Nevertheless,  simple  one-dimensional  theories 
have  held  the  greatest  attraction  for  most 
axperlmentallsts.  Among  such  theories,  that  of  Tate 
[1,2]  aaems  to  have  attracted  the  greatest  following. 

Whatever  approach  Is  adopted,  and  whatever 
theories  employed,  the  design  engineer  confronted  with 
high  speed  penetration  faces  a  difficult  problem. 
Materials  selection  under  very  high  rates  of  loading 
has  confronted  and  confounded  designers  for  many 
decades.  A  thorough  understanding  of  all  the  relevant 
material  parameters  and  their  effects  on  flow  and 
fracture  would  be  required  for  the  selection  of 
materials  which  are  optimally  suited  for  particular 
high  strain  rata  applications.  However,  since  this 
Information  is  usually  not  available,  other  approaches 
are  required.  This  is  the  motivation  behind  the  use  of 
one-dimensional  engineering  models.-*  Even  though  such 
an  approach  is  generally  not  capable  of  providing 
detailed  information  on  specific  aspects  of  the  events, 
It  can  provide  valuable  insights  into  the  interactions 
of  the  parameters  In  the  problem. 
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Recant ly,  the  one -dlnens tonal  lon|  rod  panatraelon 
theory  of  Tete  (1.2)  was  Modified  by  the  preaent 
authors  [3,4]  so  as  to  account  for  mass  lose  fro*  the 
undeformed  section  through  the  rigid-plastic  Interface. 
This  modification  makes  the  equation  of  motion  enact 
Instead  of  approxlmata.  Mathematically,  It  adds  a 
relative  motion  term  to  the  existing  equation  of 
motion.  This  presented  a  alight  increase  In 
complexity,  but  Introduced  a  more  realistic,  non-sero 
strain  at  the  penetretor  tip.  Being  able  to  take 
account  of  the  tip  strain  of  such  a  mushrooming 
penetretor  Is  a  substantial  improvement  over  the 
original  theory.  Calculations  based  on  this 
swdiflcatlon  yield  quite  reasonable  estimates  of 
penetration  depths  using  realistic  values  of  the  target 
and  penetretor  strengths.  In  the  present  paper,  we 
review  eome  of  the  details  of  the  extension  of  Tate's 
theory.  Then,  several  cases  are  treated  In  which 
solutions  can  be  obtained  in  cloeed  form.  After  that, 
•°*e  r«cent  experimental,  results  are  presented  that 
tend  to  confirm  the  validity  of  this  modified  theory. 

THEORY 

Consider  the  normal  penetration  of  a  semi-infinite 
target  by  an  axisynmetrlc ,  cylindrical  rod  of  Initial 
length  L.  The  rod  material  can  be  separated  into  rigid 
and  plastic  regions  during  the  penetration  process 
(Fig.  1).  The  plastic  region  Is  wafer  thin  and 
Instantaneously  eroding.  However,  the  naan  engineering 
strain  In  the  plastic  region  (mushroom)  is  non-sero. 
This  allows  for  the  deformed  and  undeformed  sections  of 
the  rod  to  have  different  diameters. 


Fig.  2  Schematic  of  the  transfer  of  mass 
element  pKtJt  from  the  undeformed  to 
the  plastic  portion  of  rod. 

The  velocities  u  and  v  are  coupled  by  a 
klnematlcal  relationship.  This  relationship  can  be 
derived  by  equating  the  distances  In  Figure  3.  Ac  time 
t,  the  undeformed  section  has  length  l  and  speed  v.  At 
a  later  time,  t  -f  Ac,  the  undeformed  section  has  lost 
an  Increment  of  length  Af  to  plastic  deformation. 
Sinca  the  engineering  strain  at  this  point  is  e,  the 
corresponding  length  of  the  newly  deformed  section 
(mushroom)  Is  Af(l  +  e).  The  total  distance  U  u  it 
must  equal  v  At  +  (t  -  At)  +  At  (1  +  e) .  Therefore, 

u  At  -  v  At  +  e  Af.  Dividing  by  At  and  passing  to  the 
llnlt  as  At  -e  0,  leads  to 

et  -  v  -  u  (2) 

Notice  that  Fig.  3  requires  -At/At  to  go  to  i.  This 

klnematlcal  equation  replaces  the  classical  equation  l 
-  -(v-u)  used  by  Tate  [1,2). 


ui 


mi 


Fig.  1  Schematic  of  rod.  (a)  Shows  plastic 
portion  X,  and  undeformed  portion 
1'W.  (b)  Shows  penetration  into 

target  to  a  depth  *. 

In  [3],  the  authors  examined  the  balance  of 
Impulse  and  momentum  across  the  deformed  end  undeformed 
eectlons  (Fig.  2).  Application  of  this  principle  leads 
to  Che  equation  of  motion  for  the  undeformed  section. 

fv  +  i  (v-u)  -  -p/p  (lee)  (1) 

In  this  equation,  v  Is  the  velocity  of  the  undeformed 
section,  u  Is  the  penetration  velocity,  l  Is  the 
undeformed  section  length,  p  Is  the  constant  penetretor 
mass  density,  p  Is  the  Interface  pressure  between  the 
penetretor  tip  and  the  target,  and  e  Is  the  engineering 
strain  In  the  deformed  section  of  the  penetretor 
adjacent  to  the  rigid-plastic  Interface.  Dots  over 
characters  denotes  time  differentiation. 


Fig.  3  Schematic  illustration  of  the  rear 
portion  of  the  projectile.  During 
the  time  interval  At,  the  front  of 
the  indicated  section  is  displaced  a 
distance  uAt,  While  the  rear  is 
displaced  a  distance  vAt. 

Tate  [1,2]  has  advocated  the  use  of  a  modified 
Bernoulli  equation  to  complete  the  system  (see,  also 
Tate  [5]).  This  equation  gives  both  en  estimate  of  the 
Interface  pressure  p  and  a  relationship  batween  u  and  v 

p  -  j  p2S  u2  ♦  R  -  j  p'(v-u)2  ♦  Y  (3) 

2 

where  p  p  denotes  the  target  density  and  R  and  Y  are 
the  dynamic  strength  factors  of  the  target  and 
penetrator  respectively.  In  general,  these  factors  are 
quite  different  from  the  static  yield  strengths  for. the 

materials. 
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Equations  (l)-(3)  fora  •  system  of  throo  first 
order  ordinary  differential  aquations  In  four 
tlae- da  pendent  unknowns:  (,  v,  u,  and  a.  The  aodlfled 
Bernoulli  aquation  stans  froa  pseudo-steady-state 
considerations .  It  Is  appropriate,  therefore,  to  take 
e  to  be  conatant.  The  target  craters  are  approxlaated 
by  cylindrical  holes  of  depth  I  and  cross-sectional 
area  A/(l  +  a),  where  A  is  the  initial  cross-sectional 
area  of  the  rod.  For  the  purpose  of  coaparlng  the 
theory  with  'experiment,  the  values  of  e  will  be 
coaputed  froa  the  "profile  hole  disasters"  of  the 
targets.  The  "profile  hole  disaster"  Is  the  alnlaun 
disaster  of  the  penetration  crater  produced  In  the 
target  (see  Fig.  4). 


(a)  Ho  Penetration 

Ho  penetration  Is  laplled  by  u  -  0.  The  pressure 
at  the  rod/target  Interface  can  be  foraed  froa  (3). 

P  -  5  P  v2  ♦  Y  (5) 

Froa  (2),  v  -  ei  and  v  -  el  which  can  be  substituted 
Into  (1)  to  obtain 

.  i  .  (1  ♦  3e)  il  .  Y 

2  f  +  571+eT  1  "  0  <6> 


Fig.  4  Portion  of  a  7075-T6  alualnua  target 

after  being  iapacted  at  2.49  ka  a”* 
by  a  hard  steel  rod.  The  target  has 
bean  sectioned  through  the  resulting 
crater  to  show  Its  shape. 

By  taking  e  as  an  exparlaentally  determined 
paraaeter,  equations  (l)-(3)  represent  a  system  of 
three  first  order  ordinary  differential  equations  in 
the  tine-dependent  unknowns  l,  v,  u.  When  data  for 
aaterlal  properties  Is  supplied,  these  equations  can  be 
Integrated  and  the  total  penetration  depth  Zj  can  be 

computed  froa 

i  -  u  (4) 

The  Initial  conditions  for  the  system  are  v(0)  -  V  and 
f(0)  —  L,  where  V  is  the  impact  velocity  of  the  rod. 
The  Initial  penetration  velocity  u(0)  can  be  found  froa 
equation  (3). 

INTEGRATION  OF  THE  DIFFERENTIAL  EQUATIONS 


This  equation  can  be  Integrated  once,  subject  to  the 

Initial  conditions  <(0)  -  L  and  1(0)  -  Y/e.  The  result 

Is 


i2 


♦ 


2+3e 


2Y 


2Y 


(7> 


When  the  event  Is  over  v  -  0,  which  means  that 
1  —  0,1  —  I?,  and 


2+3e 


1  ♦ 


2+3e 

2e 


<S> 


(8) 


2 

where  c  •  Y/p  and  Is  the  length  of  rod  remaining 

after  It  comes  to  rest.  The  rod  Is  entirely  consumed 
when 


2+3e  ,V.“  . 

sr-  (e>  -  -1 


(9) 


The  corresponding  strain  satisfies 
[2  ♦  3  (|)2] 


2i  v  2 

e  ♦  2  (|) 


(10) 


The  strain  given  by  equation  (10)  is  the  minimum  value 
of  e  that  can  be  sustained  during  this  impact. 

When  e  passes  froa  compressive  strains  which  are 
less  than  2/3  to  compressive  strains  which  exceed  2/3 
the  exponent  of  the  ratio  L/l^  changes  sign.  However, 

equation  (8)  continues  to  be  valid,  although  the 
algebraic  structure  is  different. 


For  the  most  part,  analytical  solutions  to  the 
system  (l)-(3)  are  not  available.  There  are  some 
cases,  however,  where  exact  Integrals  are  available. 
They  are:  (a)  when  the  rod  disintegrates  at  the  target 
surface  •  no  penetration;  (b)  when  the  rod  penetrates 
without  deforming  -  rigid  body  penetretion;  and  (c) 
when  the  rod  and  target  are  of  equal  strengths.  These 
cases  were  originally  treated  by  Tate  (1,2]  and  later 
by  the  present  authors  [3]  for  Tate's  kinematlcal 

relation  l  -  -(v-u),  but  not  for  the  more  general 

kinematlcal  relation  presented  In  this  paper,  I  - 
(v-u)/e,  equation  (2).  These  Important  cases  will  be 
treated  in  the  order  in  which  they  were  presented  in 
(31. 


(b)  Rigid  Body  Penetration 

In  this  case,  there  is  no  rod  deformation  so  that 
u  -  v  and  t  -  0.  The  pressure  at  the  rod/target 

Interface  Is  found  from  (3) . 

p  •  j  p2p  u2  ♦  R  (11) 

Since  l  -  0,  t  -  L  throughout  the  event  and  equation 
(1)  becomes 
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it  2  | 

u  +  ifeyu  *  " 0  ai) 

■««,  u«tn|  this  result,  we  can  conputa  tha  penetration 
dapch.  Proa  (4)  a  •  u  which  can  ba  uaad  to  cr ana fora 

»  •  u  du/da.  Thua ,  (12)  bacoaaa 


M  2  R 

m5iru  airni) 


which  can  ba  directly  Integrated  to  give 

f2R  i 

v2*  TiF 


In  thla  aquation,  wa  have  aaauaad  that  a  -  0  at  lapact 
whan  u  «•  V.  Tha  total  penetration  depth  occura  when 

the  penetration  velocity  u  reachaa  aero. 


Thla  foraula  la  alnllar  to  the  claaalcal  Da  Marre 
foraula  (aaa  Reinhart  and  Pearaon  [6])  or  the  Petty 
equation  (aee  Bee  Ice*  n  [7]).  It  la  alao  the  aaae  aa 
that  prevloualy  preaented  by  the  authora  (3] . 


Aa  Indicated  earlier,  the  penetration- 
vlth-coaauaptlon  caae  la  not  lntagrabla,  In  general. 
However,  the  caae  for  equal  target  and  penetrator 
atrengtha,  R  -  I,  la  an  Isolated  exaaple  of  rod 
penetration,  accoapanled  by  da formation  and  erosion, 
which  la  lntagrabla. 

The  condition  of  equal  atrengtha  reduces  (3)  to 


With  this  result,  (2)  becoaes 

•*  -  v  <17> 

Using  equations  (16)  and  (17),  we  can  substitute 
Into  (1)  to  obtain  a  single  equation  for  l. 

U  +  »tJ-b.O  (lg) 


*»(2+3e) 

-  s 


^  -M  R 
b 


The  Integration  of  (18) 
considering  two  separate  cases. 


proceeds  by 


Case  (1)  agO  or  all  possible  cowpraaalvo 
(engineering)  strains  except  e  -  -2/3. 

In  this  case,  a  first  Integral  of  (18)  la 


»2.  2R 

35) 


.  2»  1,L 


•  (!♦(•) 


+  7XXTV\{V  <2l> 


where  the  Initial  condtlona  ((0)  -  L  and  t( 0)  - 

MV/( 1+m)*  have  been  anployed.  At  the  end  of  the  event, 

l  -  0  and  t  ■  l j,  where  la  the  final  unc  one  used 
rod  length.  Equation  (21)  becoaea 


ad+M)' 


+  ^5T3JtI(Z/)  ' 


Thla  equation  can  be  used  to  find  fy  In  terns  of  the 
problen  paraaeters.  Whenever 


e(l+M)‘ 


+  7(17557  >  0 


aquation  (22)  can  readily  bo  solved  for  lj.  For  very 

snail  strains,  this  Inequality  will  break  down. 
Fortunately,  these  strains  are  too  snail  to  be 
realistic  for  aost  of  the  events  that  concern  us.  For 
very  large  strains,  say  -1  <  a  <  -2/3,  the  signs  on  key 
terns  in  (22)  change.  Including  the  sign  of  a.  Thus,  we 
can  again  find  even  though  the  inequality  In  (23) 

is  not  satisfied. 

The  total  penetration  depth  z^  is  of  considerable 

Interest.  This  quantity  can  ba  found  by  noting  that  u 
-  zi/n  and  i  •  u  by  equation  (4) .  El  Inina  ting  u  and 
Integrating  resulta  in 

V  -  ~T~  <L  "  (24) 


(L  -  f/) 


where  tj  is  the  solution  of  (22). 
Csss  (11)  a  -  0  or  o  »  -2/3. 


For  the  exceptional  ease,  a  first  Integral  of  (18) 


i 2  ’  TJniifcy (t> +  (25) 

When  the  event  concludes,  there  will  be  a  final 
uncons uned  rod  length  lj.  This  quantity  Is  given  by 


^  -  L  exp 


1  2eR(l+e)  J 


The  depth  of  penetration  can  be  developed  by 
observing  that  u  •  —24/3** .  The  result  Is 


*/‘3T 


<L  -  tf) 
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where  lj  Is  taksn  fron  (26). 


(d)  general  Cw 


For  tha  general  case  of  ponotratlon  accompanied  by 
rod  deformation  whan  tha  tar  gat  and  rod  hava  unaqual 
atrangtha ,  numerical  integration  la  required,  aa  no  tad 
previously. 
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Fig.  S  Non-dlmenelonallzed  panatratlon 

dapth  varaua  non -dlaana Iona 1  iapact 
valoclty  for  hard  ataal  targata  by 
hard  ataal  penetrators  having 
various  length-to-diameter  ratios. 

EXPERIMENTAL  RESULTS 


Fig.  6  Kon-dimensionalized  panatratlon 

dapth  varsus  non- dlaana ional  iapact 
valoclty  for  soft  ataal  targets  and 
thraa  different  sats  of  penetrators 
hard  staal,  soft  ataal  and  7075 
alunlnua. 


Details  of  tha  panatratlon  oxparlaants  hava  been 
published  elsewhere  [*].  Briefly  summarized  they 
Involved  targets  and  panatratora  made  from  two  steels 
and  two  aluminums.  Aspect  ratios  (length/diameter)  of 
tha  rods  ranged  froa  2.5  to  10  and  Iapact  velocities 
ware  approximately  In  tha  range  1-2.5  ka/s. 

Figure  5  shows  actual  axpariaantal  results  (open 
ayabols)  and  calculated  values  (solid  syabols)  froa 
equations  (22)  and  (24),  for  tha  panatratlon  of  hard 
steal  targets  by  hard  staal  rods.  Tha  dynaalc  strength 

of  the  aaterlal  la  1428  MPa .  as  estimated  froa  Taylor 
Tests  on  the  actual  spaclaan  aaterlal.  The  values  of  e 
have  been  estlaated  froa  post- test  aaatureaants  on  the 
profile  hole  diameters  of  sectioned  targets  (see  Fig. 
4).  Tha  coaparlson  with  experiment  Is  generally 
favorable.  As  expected,  batter  agreement  la  achieved 
for  the  longer  rods  (higher  aspect  ratios). 

Results  obtained  by  numerical  integration  of 
equations  (l)-(4)  are  compared  with  actual  axpariaantal 
results  in  Figures  (-9.  The  targets  are  soft  steel 
(1263  HPa).  hard  steel  (1428  MPa) ,  2024  aluminum  (395 
MPa),  and  7075  aluminum  (562  MPa).  Various  penetrators 
are  used.  The  penatrator  atrangtha  are  Indicated  In 
the  figures.  All  of  the  rods  have  an  aspect  ratio  of 

The  agreement  of  theory  with  experiment  Is 
generally  good.  It  is  especially  so  when  one  considers 
that  the  dynamic  strengths  are  estlaated  from  actual 
laboratory  measurements  and  not  taken  as  adjustable 
parameters.  The  authors'  theory  (8]  was  used  to  make 
the  dynamic  strength  estimates. 
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Fig.  7  Non-dlmenslonellzed  penetration 

depth  versus  non-dimensional  impact 
velocity  for  hardened  steel  targets 
and  soft  steel  penetrators. 
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Fig.  8  Non-diaensionalized  penetration 

depth  versus  non-dimensional  impact 
velocity  for  2024  elumin-.m  targets 
and  three  different  sets  of  pena- 
trators:  hard  steel,  soft  steel  and 
707S  aluminum. 
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Fig.  9  Non-dlmenslonallzed  penetration 

depth  versus  non-dimensional  impact 
velocity  for  707 5  aluainua  targets 
and  three  different  sets  of  pens* 
trators:  hard  steel,  soft  steel  and 
7075  aluainua. 


CONCLUSION 

The  theory  of  the  aushrooalng  penetrator  is  a 
rather  draaatlc  departure  froa  the  Tate  Theory. 
Typically,  the  penetration  depths  predicted  by  the  Tete 
Theory  are  about  twice  those  predicted  by  the  Modified 
theory  for  the  same  aaterlal  constants.  The  difference 
is  priaarlly  Ate  to  the  lack  of  a  aushrooa  on  the  tip 
of  the  penetrator  In  the  earlier  theory. 

During  the  process  of  penetration,  the  eroding  rod 
declerates  as  It  goes  Into  the  target.  It  Is  quite 
likely  that  the  aushrooa  strain  at  the  rod  end  varies 
as  the  penetration  velocity  changes.  This  speculation 
la  sustained  by  many  experimental  observations  of  the 
type  shown  by  Fig.  4  In  which  the  crater  dlaaeter 
clearly  varies  froa  end  to  end.  On  the  other  hand, 
this  strain  is  siaply  taken  as  a  constant  In  the 
present  analysis.  It  Is  reaarkable  how  such  an 
approach  can  yield  such  good  agreement  with  the 
experimental  data. 
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